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Objective: Successful repair of articular cartilage (AC) defects would be a major advantage due to the low
ability of AC to heal spontaneously. Sensitive methods to determine changes in AC composition and
structure are required to monitor the success of repair. This study evaluates the ability of unsupervised
cluster analysis applied to Fourier transform infrared (FTIR) microspectroscopy to discriminate between
healthy and repaired AC.
Methods: Osteochondral lesions (3 mm in depth) were surgically created in patellar grooves of rabbit
femurs and were either left to heal spontaneously (n ¼ 6) or surgically repaired with autologous
chondrocytes in type II collagen gel (n ¼ 6). After 6 months, tissues were harvested, FTIR micro-
spectroscopy was conducted and Fuzzy c-means (FCM) cluster analysis applied to spectra of pairs of
intact and repaired AC samples from each rabbit. Two spectral regions [amide I and carbohydrate (CHO)]
were analyzed and the results from the two types of repair were compared.
Results: Two separate regions of repair were detected with FCM. The estimated proteoglycan content
(from CHO region) in the repaired AC was signiﬁcantly lower than that in intact AC. The spontaneously
repaired AC was better distinguished from the intact AC than the collagen II gel repaired AC. The most
distinct clustering was observed for spontaneously repaired samples using CHO region.
Conclusions: This study revealed that unsupervised cluster analysis applied to FTIR microspectroscopy
can detect subtle differences in infrared spectra between normal and repaired AC. The method may help
in evaluation and optimization of future AC repair strategies.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.2Introduction
The avascular nature of articular cartilage (AC) and immobility
of chondrocytes mean that this tissue possesses a very limited
capacity to heal spontaneously1,2. Although AC has a highly orga-
nized, unique layered structure and can resist high compressive
forces3, it can be damaged mechanically or chemically. In animal
models, small osteochondral defects (<3 mm in diameter) can heal
partially1,4. However, larger defects (>6 mm) or small partial-to: H. Isaksson, Division of
nd, Sweden. Tel: 46-46-222-
ksson).
s Research Society International. Pthickness defects lack the ability to heal . Therefore, much effort
has been devoted into development of surgical techniques that
focus on transplantation of new viable cells that are capable of
tissue repair or regeneration. The success rates have been highly
variable in animal and clinical studies1,4e6. Some studies have re-
ported the development of a good quality cartilage in short-term
follow-up1, and have now entered into clinical practice (e.g.,
autologous chondrocyte implantation5,7). However, no complete
ﬁlling of the defects has been revealed in long-term follow-up of
these treatments. Replacement of hyaline-like repair tissue with
ﬁbrocartilagenous tissue (FC), characterized by a high collagen type
I to type II ratio has been reported1,7,8. In most cases, this has been
followed by degenerative changes after as early as 10e12 weeks7,8.
Degradation of repaired AC was accompanied by cell death andublished by Elsevier Ltd. All rights reserved.
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normal tissue4,6.
It is important to monitor the repaired tissue not only to under-
stand the mechanisms involved in the healing process but also to
evaluate the quality of the repaired tissue. Special guidelines for
cartilage repair studies have been developed9, with the aim of stan-
dardizingexperimental setupandassessment. Structure, composition,
integrityandorganizationof the repaired tissueare typicallyevaluated
by using histological staining and scoring, as well as with polarized
light microscopy (PLM)9e11. Several other imaging techniques have
proved their utility in non-invasive evaluation of AC, e.g., high reso-
lution magnetic resonance imaging (MRI)12,13, optical coherence
tomography (OCT)14 and ultrasound imaging15e17. However, most of
them are qualitative and further methodological development is
needed in sensitive assessment of the healing process in order to
improve current repair methods and develop new repair techniques.
Fourier transform infrared (FTIR) microspectroscopy is a tech-
niquewhich is able todetect subtle changes in the concentrationand
spatial distribution of the tissue components. FTIR micro-
spectroscopy is typicallyconductedon thin (<10mm) tissue sections,
where broadband infrared absorption is measured point-by-point
from the sample. Once the spectral maps are calculated, the spatial
quantitative and qualitative information on the composition and
organization of the tissue compounds could be obtained. FTIR
microspectroscopy has been successfully utilized in bone and
cartilage research18,19 and in thedifferentiationbetweennormal and
diseased tissues20,21. The composition and structural spatial orga-
nizationof the repairedAC tissue are important characteristicswhen
evaluating the quality of the repair. Hence, the use of FTIR micro-
spectroscopy may provide a novel, simple, and highly speciﬁc
method for evaluation of AC repair. Univariate data analysis is often
used in FTIR microspectroscopic research of AC to calculate the
absolute or relative concentration of twomajor solid components of
AC, i.e., collagen and proteoglycans (PGs)18,19,22e24. Multivariate
techniques, in contrast tounivariate ones, canprocess a largerpart of
the spectrum simultaneously25. They have been reported tobemore
accurate than the univariatemethods26,27 and reveal subtle changes
in the shapeof the spectra28e30, and, thus, in the concentrations and/
or secondary structure of tissue constituents.
Cluster analysis is amultivariate technique, which has been used
successfully for identiﬁcation and differentiation of various
normal27e31 and diseased tissues20,21,32. It is unsupervised, which
means that there is no need for additional parameters to be set
before analysis which eliminates human subjectivity. Fuzzy clus-
tering methods [like Fuzzy c-means (FCM) clustering25,29,30,33]
allow one object to belong to multiple classes with certain
membership degree values. This feature means that FCM may be
more reliable when studying biological tissue samples, provided
that the boundaries between features are not sharp and careful
investigation of continuous changes is required31,33.
This study aimed to evaluate the ability of unsupervised FTIR
microspectroscopic cluster analysis to differentiate between intact
and repaired rabbit femoral AC. We applied FCM clustering on FTIR
spectra of intact and repaired cartilage and evaluated clustering
performance using quantitative and qualitative assessments,
including histological staining and PLM.
Materials and methods
Animals and specimens
Two groups of repaired AC from 12 9-month-old New Zealand
rabbits were investigated15,34. Osteochondral lesions (4 mm in
diameter, 3mm indepth)were surgically created in the right patellar
grooves of the rabbit femur. In the ﬁrst group, the lesions were leftempty to heal spontaneously (n¼ 6). In the second group, they were
surgically repaired using autologous pre-cultivated chondrocytes in
human type II collagen gel (n¼ 6). The surgical procedures have been
explained in more detail by Pulkkinen et al.34e36 The animals were
sacriﬁced 6 months post-operatively and osteochondral specimens
were collected fromtherepaired sitesbyusingabandsaw.ControlAC
samples were harvested from the intact contralateral left knee of
the animals in the ﬁrst group and from the intact AC at an adjacent
site to the lesion in the second group. The Institutional Animal Care
and Use Committee of University of Kuopio approved the animal
experiments (license number 04e82). Before analysis, the samples
were stored frozen in phosphate buffered saline containing protease
inhibitors37, and were ﬁxed in 10% formalin, decalciﬁed with ethyl-
enediaminetetraacetic acid (EDTA), dehydrated and embedded in
parafﬁn as described earlier34. Parafﬁn was dissolved from sections
with xylene prior to the FTIR microspectroscopy measurements.
FTIR microspectroscopy
Five-mm-thick sectionswereplacedonBaF2windowsand infrared
absorbance spectrawere acquired using the FTIRmicrospectroscopy
system (Perkin Elmer Spotlight 300, Perkin Elmer, Shelton, CO, USA).
This systemconsistsof a classical FTIR spectrometercoupled toa light
microscope, a computer controlled sample stage and a linear array
detector. The used pixel size was 25 mm and the spectral resolution
was 4 cm1 in the measurements. Four repeated scans were per-
formedon the spectral regionof 720e2000 cm1 in each sample. The
humidity of themeasurement chamberwas continuouslymonitored
to be 0% using CO2-free air to standardize measurement conditions
(Parker Balston, Haverhill, MA, USA). An area covering the whole
prepared section for each sample was analyzed.
Preprocessing of spectra
Spectral datawere analyzed using a custom-made code (Matlab, v.
7.10, Mathworks, Inc., Natick, MA, USA). Quality tests, spectral pre-
processing, correction and removal of bone spectra were ﬁrst con-
ductedasdescribedearlier15. Beforeﬁnalnormalizationof spectra, the
remainingcontributionofwatervaporandcarbondioxide(CO2) to the
spectra was removed with the algorithm described by Bruun et al.38
Following the procedures, an 2550  2875 mm2 area was measured
from an empty window under gradually decreasing water vapor and
CO2 concentrations, resulting inw11,700 infrared absorption spectra
in total. The CO2 gas purging was started after closing the sample
chamber, resulting in a decreasing water vapor concentration from
22% to 0%. In addition, a slight increase of temperature inside the
chamber (w0.6C) was observed during the measurements. The
collected spectrawere used for estimationof twoprimarygas spectra,
which were subsequently used for correction as explained in the
study by Bruun et al.38 Thereafter, the spectrawere normalized to the
vector length and subjected to the FCM cluster analysis.
Several spectral regions were investigated: complete amide
region (1200e1720 cm1, referred as A), amide I region (1585e
1720 cm1, referred as AI), amide II region (1510e1584 cm1,
referred as AII), and carbohydrate (CHO) region (968e1140 cm1,
referred as CHO) (Fig. 1). Moreover, a peak at 1338 cm1 was
used to estimate the collagen integrity parameter18. When the
complete amide region was used, the spectral region of 1300e
1490 cm1 was excluded due to possible overlapping with the
remaining spectra from the embedding medium21.
Clustering analysis
FCM clustering has been explained in detail in our previous
study29. In summary, a set of vectors is provided to the algorithm
Fig. 1. Reference (typical) FTIR absorption spectrum of intact rabbit AC. Spectral peaks
of interest are indicated (amide I, amide II, 1338 cm1 and carbohydrate (CHO)).
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with a certain membership degree value. Thus, a spectrum can
belong to multiple clusters and the membership degree values
always sum to 1 for each spectrum.With FCM, the representative of
a cluster is computed as the mean of all spectra in the cluster,
weighted by their degree of belonging to the cluster.
FCM clustering was performed pixel-by-pixel on normalized
raw FTIR microspectroscopy images. Spectral images of the
repaired and control samples were clustered: (1) independently
using three clusters, or (2) together from each rabbit using four
clusters. The maximum number of iterations and number of repe-
titions of FCMwere set to 1000 and 100, respectively. The clustering
results were examined for each spectral region. The number of
clustering maps produced by the FCM algorithm is equal to the
number of clusters. “Hard” clustering maps were calculated from
fuzzy-maps by assigning each pixel to the cluster with the largest
membership degree value.
First, the performance of clustering was evaluated by calculating
the percentage of the correct clustering assignments for repaired
and intact clusters. Histological images were used as references for
the tissue type. The overall performance of clustering was
expressed as an average number of correct pixel assignments
divided by the total number of pixels and was compared for two
types of repair and spectral regions used for clustering.
Second, the differences between the ﬁrst and second largest
membership degree values for each pixel were calculated to eval-
uate the uncertainty of clustering. Averages of the differences were
compared for intact and repaired clusters. A difference value close
to 0 means that the ﬁrst and second largest membership degree
values are almost equal and the pixel can be assigned with almost
equal probability to both clusters represented by those values.
Otherwise, the value close to 1 means that the clustering is very
distinctive.
To assess the qualitative differences in the shape of the spectra
between the intact and repaired tissues, normalized mean spectra
of intact, spontaneously and gel repaired clusters were placed
together and normalized second derivatives were calculated using
the SavitzkyeGolay algorithm with nine smoothing points39. This
was done to enhance the differences in the location of spectral
peaks and spectral shape.
Quantitative analysis
Differences in the mean spectra of repaired and intact AC clus-
ters were also investigated by assessing the integrated absorbance
of the following peaks: estimated collagen content from the AI
region, and estimated PG content from the CHO region. Addition-
ally, the averaged CHO/AI and 1338 cm1/AII (estimated collagen
integrity18) peak ratios were calculated. Baseline corrected rawspectra of clusters constructed using AI region were used, and
quantiﬁcation was done by averaging values of all pixels in the
cluster.
Statistical analysis
Differences between the quantitative parameters of clusters and
repaired groups were tested using the non-parametric Manne
Whitney U test (SPSS 17.0 software, SPSS Inc., Chicago, IL, USA).
Medians and conﬁdence interval of 95% are used in the data
presentation.
Histology and PLM
The structural integrity of the intact and repaired AC was eval-
uated by using histology34, immuno-histological staining34 and
PLM9. Toluidine blue was used to stain PGs, mouse monoclonal
antibody to collagen type I (Abcam, Cambridge, UK) was used for
immunohistochemical staining of type I collagen. PLM was used to
determine the organization of the collagen network. The borders
between the repaired areas in the superﬁcial and middle zones and
the more hyaline-like AC tissue in the deeper zones within each
repaired sample were manually determined by analyzing the
histological images. They were used to roughly analyze a corre-
spondence of clustering structures to histologically determined
tissue types. The modiﬁed O’Driscoll score for cartilage repair was
used to evaluate the repair quality15. In PLM analysis, the paral-
lelism index (PI) was calculated to evaluate the degree of paral-
lelism in the collagen network, in other words, the organization of
the collagen network.
The histological and PLM methods and results have been pub-
lished in detail by Pulkkinen et al.34 and Viren et al.15, and were only
used for qualitative comparison in the current study.
Results
Cluster analysis
The typical FTIR spectrum of intact AC that was used as a refer-
ence spectrum in the preprocessing algorithms is shown in Fig. 1.
When clustered independently, intact samples (n ¼ 12) showed
a layered clustering structure from the superﬁcial to the deep zone,
similar to that reported earlier30 (data not shown). For spontane-
ously and gel repaired AC, superﬁcial ﬁbrous and more hyaline-like
deeper cartilage regions were separated in the different clusters
(data not shown).
When combining samples by clustering the intact and repaired
sections from each rabbit together at the same time, the discrimi-
nation between intact and repaired AC was clear when using each
spectral region. However, careful manual assessment showed that
the best separationwas achieved by using AI and CHO regions. FCM
results for a typical spontaneously and collagen gel repaired
samples paired with their intact AC samples are shown in Figs. 2
and 3, respectively. The differences in clustering structure using
AI and CHO regions are visible. Generally for all samples, repaired
and intact tissues were separated into different clusters. They were
represented by two clusters each, marked with a different color on
the cluster maps (green and blue for intact, orange for repaired
regions in the superﬁcial and middle zones and red for the
cartilage-like repaired region in the deeper zone). Therefore, two
separate regions of repair were detected in each repaired AC
sample: “repaired 1 cluster” located in the superﬁcial and middle
zones and “repaired 2 cluster” located in the deeper zone. For
comparison, the borders between the repaired areas are indicated
in the histological images [Figs. 2(A, B) and 3(A, B)].
Fig. 2. FCM clustering results for a pair of spontaneously repaired (SR) and intact (I) samples from one rabbit. (A, B) Collagen type I and toluidine blue histology images of cor-
responding samples with indicated areas of repair: solid line is the border between cartilage and bone, dashed line separates the region of superﬁcial repair. The dotted rectangles
indicate areas imaged with FTIR-MS. Dark red color indicates presence of collagen type I, the dark blue color indicates high PG content; (C, D) infrared absorption images of the SR
sample based on amide I and CHO spectral regions; (E, F) false-color cluster maps and (G, H) corresponding average spectra of four clusters.
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regions, the repaired tissue in spontaneously repaired samples was
more accurately identiﬁed than that in the collagen gel repaired
samples. The intact tissue was more clearly identiﬁed using the AI
region. Overall clustering performancewas the same for both tissue
types using the AI region (81% and 81%). However, the differences
between the ﬁrst and second largest membership degree values
were smaller when the AI region was used, as compared to the use
of CHO region, which indicates somewhat a higher uncertainty in
discrimination when using AI region for the spontaneously
repaired samples. The most distinct clustering was achieved by
using CHO region for spontaneously repaired samples (82%
compared to 75% for collagen gel repaired samples). These results
indicate that the spontaneously repaired tissue was better distin-
guished from the intact AC, as compared to the collagen gel
repaired tissue.
For the qualitative comparison of differences in spectra, global
mean spectra of intact and repaired clusters were calculated as
average spectra of all samples in each group. Three spectra were
obtained for each group of samples: intact, repaired 1 and repaired
2 clusters mean spectra (Fig. 4). At the AI region, both repaired
clusters in collagen gel repaired tissue were different from the
other clusters, by having slightly shifted sub-peaks at 1654e
1656 cm1 and 1680e1682 cm1 and opposite curvatures of
spectra of the region 1708e1720 cm1. At the CH region, repaired
cluster 1 showed lower absorption values before and higher
absorption values after 1078 cm1 compared to other clusters. For
the collagen gel repaired group, intact cluster spectra were very
similar to the repaired cluster 2 spectra, while all spectra in the
spontaneously repaired group were distinguishable.Histological analysis and quality of repair
The accuracy of clustering when compared with histology
varied slightly from sample to sample. Different clustering struc-
tures, as obtained with AI and CHO regions, corresponded well to
different structures of repaired tissue, as evaluated from the type I
collagen and PG histological staining for each individual sample
(Figs. 2 and 3). The areas with the high red staining at the surface of
cartilage [Figs. 2 and 3(A)] indicate the presence of collagen type I in
the superﬁcial repaired cartilage, while the pale blue staining
[Figs. 2 and 3(B)] at the surface indicate lower PG content than that
in the deeper cartilage.
Average O’Driscoll score was the highest for the spontaneously
repaired samples. PI calculated from PLM data was lower in the
repaired AC in both repaired groups, indicating mostly random
orientation of collagen ﬁbers throughout the cartilage depth15.
Quantitative analysis
In the spontaneously repaired AC, the estimated CHO/AI ratio
was signiﬁcantly lower in the repaired cluster 1 than in the
adjacent repaired cluster 2 and intact AC (Fig. 5). In the AC with
collagen gel repair, estimated collagen and PG contents were the
lowest in the repaired cluster 1 compared to the intact cartilage
(Fig. 5). No statistically signiﬁcant changes were observed in other
parameters.
Estimated PG and amide I contents in the repaired cluster 1 of
the spontaneously repaired samples were signiﬁcantly higher than
those in the collagen gel repaired samples (Fig. 5). Moreover, there
was a statistical difference in the estimated PG content in the
Fig. 3. FCM clustering results for a pair of gel repaired (CG) and intact (I) samples from one rabbit. (A, B) Collagen type I and toluidine blue histology images of corresponding
samples with indicated areas of repair: solid line is the border between cartilage and bone, dashed line separates the region of superﬁcial repair. The dotted rectangles indicate areas
imaged with FTIR-MS. Dark red color indicates presence of collagen type I, the dark blue color indicates high PG content; (C, D) infrared absorption images of the GC sample based
on amide I and CHO spectral regions; (E, F) false-color cluster maps and (G, H) the corresponding average spectra of four clusters.
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differences were observed.
Discussion
The present results indicate that unsupervised cluster analysis
applied to infrared spectra of intact, spontaneously and collagen
type II repaired AC can differentiate repaired tissue from its normal
counterpart with good accuracy. Normalization of the spectra prior
to clustering removes quantitative information and makes possible
to study only qualitative differences in the shape of spectra. These
subtle changes were identiﬁed by the sensitive FCM cluster analysis.
FCMwas able to detect two distinct types of repair tissue in each
repaired AC sample. The ﬁrst type of repair, located at the super-
ﬁcial and middle zones, had lower FTIR-derived PG and collagen
contents than those the intact AC of the collagen repaired groupTable I
Clustering performance (ratio of correctly classiﬁed pixels to the total number of
pixels) compared for two groups of repair and two spectral regions with average
O’Driscoll scores for two repaired groups. Average differences (Avr.Dif.) between ﬁrst
and second largest membership degree values of clusters are indicated for overall
clustering results
CHO region Amide I region
CG SR CG SR
Intact 79% 79% 87% 86%
Repaired 72% 85% 72% 82%
Overall 75% 82% 81% 81%
Avr.Dif. 0.34 0.37 0.40 0.20
O’Driscoll score 12.5 14.1 12.5 14.1and a lower CHO/AI ratio than that in the spontaneously repaired
group. This area also contained collagen type I and the lowest PG
concentration as indicated by immunostaining and toluidine blue
staining of the histological sections, respectively. The second type
of repair was located deeper in the AC and it was estimated to have
a higher CHO/AI ratio than the ﬁrst type observed in spontaneously
repaired group. According to histological analyses, it contained no
collagen type I and a concentration of PG was similar to that in
intact AC. The lower FTIR-derived PG and relative PG contents in the
ﬁrst repaired region are indicative of the reduced glycosamino-
glycans (GAGs) content in the FC tissue formed during spontaneous
repair40,41.
Visual evaluation and quantitative assessment revealed that the
clustering classiﬁcation results were quite similar when CHO or AI
regions were used (Figs. 2 and 3 and Table I). Some general differ-
ences corresponded well to the histological appearance of the
samples. For example, the neotissue in the sample with collagen gel
repair showed an area of high PG content [dark blue color in
Fig. 3(B)]. This area was isolated from the surrounding tissue with
a lower PG content by FCM [Fig. 3(F), blue and green colors].
Moreover, the repair area was assigned to the same clusters with
the intact AC tissue. This may be explained at least partly by the
consistency with the higher PG content (absolute and relative) in
intact AC. However, it is known that extensive overlapping of PG
and collagen vibrations exists in both analyzed spectral regions18,
and that FCM analysis is very sensitive to both the secondary
structure as well as quantity of tissue constituents. It is also known
that all of these tissue properties change and differ during repair
processes when compared to normal AC. In principle, the high PG
content indicates one aspect of good tissue quality and resembles
Fig. 4. (A) Normalized global average spectra of clusters based on amide I and CHO regions calculated using all sample pairs and (B) corresponding second derivative spectra.
Spectral locations are indicated where differences in the spectra were found.
Y. Kobrina et al. / Osteoarthritis and Cartilage 21 (2013) 462e469 467the native hyaline cartilage. It is tempting to suggest that the
collagen gel produced even better quality repair in deeper regions
(e.g., with intact collagen type II network). However, this kind of
behavior was not consistent, and not observed in all samples which
underwent gel repair. Therefore, no general conclusions can be
made about the superiority of the repair techniques, based on FTIR
cluster analysis.
Differences in classiﬁcation of repaired and intact tissues indi-
cated a good overall discriminating ability for clustering (Table I).Fig. 5. (A, B) Average integrated peak areas of amide I and CHO regions; (C, D) 1338 cm1/A
and six pairs of the gel repaired samples. The intact cluster stands for an average of two in
differences based on the ManneWhitney U test are indicated. Stars denote signiﬁcant differHowever, clustering discriminated more poorly the samples which
had undergone collagen gel repair [72% (CG) and 82e85% (SR) of
correctly classiﬁed pixels]. This might indicate better overall
integrity of repair tissue or/and more variation in the healing
response after gel repair.
When comparing the mean raw spectra of clusters, second
derivatives of mean spectra were calculated [Fig. 4(B)] to highlight
differences. Two sub-peaks at AI region were slightly shifted in
clusters of neotissue in samples with gel repair: the ﬁrst sub-peakII and CHO/AI ratios, for three types of tissues from six pairs of spontaneously repaired
tact clusters. The data are shown as medians and 95% conﬁdence intervals. Signiﬁcant
ences in parameters between certain spontaneously and collagen gel repaired groups.
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of 1680e1682 cm1 contains antiparallel b-sheet/aggregated
strands and b-turn secondary protein vibrations42,43. Variations in
the curvature of spectra in the region 1708e1720 cm1 may origi-
nate from the non-hydrogen bonded b-turns proteins. However,
the assignment of a particular absorbance to a speciﬁc secondary
protein structure should be done with caution due to overlapping
of vibrations and dependence on hydrogen bonding42,43. Therefore,
no deﬁnite conclusion could be made based on these differences,
except that they were sufﬁciently clear to enable successful clus-
tering. FTIR bands [indicated in Fig. 5(A)] in the CHO region are
assigned to CeO stretching vibrations of the CHO residues present
in collagen and in PGs and could relate to amide I of PGs27. The
change in the location of spectra at CHO region after 1078 cm1
may point to differences in the collagen contribution.
A careful investigation of mean spectra revealed that clusters
were more discriminative when using the CHO region. Further, the
spectra of spontaneously repaired group were better distinguish-
able from each other, which is consistent with clustering perfor-
mance results (Table I). This might point to better overall repair
using collagen II gel, or, as we proposed earlier, spatially highly
variable response in repair. However, the average O’Driscoll score
was lower for samples taken from the sites repaired with collagen
gel. This may be explained by the fact that the O’Driscoll score was
computed by averaging 14 parameters values and most of them
were not affected and cannot be evaluated with clustering, such as
thickness of repaired AC, bonding to repair tissue with adjustment
AC, viability of cells etc. The difference between the histological
evaluation and clustering performance indicates that FCM utilizes
other features for discrimination between tissues.
Different composition and structure in repaired AC tissue have
been revealed in studies using MRI12,44, OCT14, ultrasound15e17,
PLM15 and polarized FTIR microspectroscopy45. In the previous
studies on the same samples, the PLM analysis revealed the
abnormal collagen organization in the repaired AC and random
orientation of collagen ﬁbers in the superﬁcial layer of the repair
tissue15. In addition, ultrasound parameters conﬁrmed abnormali-
ties in the amount and orientation of the collagen network15.
In general, only a few studies have utilized FTIR to monitor AC
repair. One study has shown the potential of FTIR imaging to char-
acterize distribution and structure of repair cartilage45. Kim et al.13
conducted a short-term follow-up of enzymatic AC repair with
FTIR imaging and correlated FTIR-derived quantitative parameters
with T2 mapping parameters of MRI. They revealed changes in the
collagen and PG contents with time and treatment using FTIR13. By
complementing other imagingmodalities, our study can deepen the
understanding of the repair process. It demonstrates the capability
of cluster analysis to automatically identify intact and repair tissue
solely based on FTIR spectral features. Recently, difﬁculties in
interpretation and treatment of FTIR data were claimed to be the
main drawbacks in utilizing FTIR microspectroscopy in clinical
practice, due to the complexity of infrared spectra with high over-
lapping of infrared bands46. The advantages of sensitive cluster
analysis to detect even very subtle changes in the infrared spectra
may well lead to clinical applications in the future.
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